We present polarimetric imaging of the protoplanetary nebula RAFGL 2688 obtained at 4.5 µm with the Infrared Space Observatory (ISO). We have deconvolved the images to remove the signature of the point spread function of the ISO telescope, to the extent possible. The deconvolved 4.5 µm image and polarimetric map reveal a bright point source with faint, surrounding reflection nebulosity.
Introduction
Stellar mass loss during post-main sequence stellar evolution is, more often than not, an axisymmetric, rather than spherically symmetric, process. However, a coherent explanation for the transformation from quasi-spherical red giant to bipolar planetary nebula remains elusive. During pre-main sequence evolution, bipolar outflow is evidently an inevitable consequence of the presence of a circumstellar, protoplanetary disk. But -neglecting the possibility that some evolved stars may retain massive, long-lived, "fossil" protoplanetary disks (Kastner & Weintraub 1995) -there is no obvious natural "collimating agent" during post-main sequence stellar evolution. Hence the shaping of bipolar planetary nebulae (PNs), the endpoints of stellar evolution for intermediate-mass (1-8 M ⊙ ) stars, is a topic of considerable contemporary interest in astronomy (see reviews in Kastner, Soker, & Rappaport 2000a ).
The object RAFGL 2688 (The Egg Nebula) has long been regarded as prototypical of the class of evolved bipolar nebulae. The nebula was first identified as a bright far-IR source associated with axisymmetric optical nebulosity by Ney et al. (1975) . Based on its radio molecular emission line profiles, Zuckerman et al. (1976) proposed that the object was representative of the rapid transition from red giant to planetary nebula. Immediately following its discovery, RAFGL 2688 was established as a source of highly polarized optical and near-IR emission (e.g., Jones & Dyck 1978) . The large net polarization in these early, large aperture measurements was thought to originate with the scattering of starlight by circumstellar dust, where the dust grain population is distributed in axisymmetric fashion about the central star. The latitudinal dependence of the dust density results in large opacities along the equatorial plane but relatively small opacities toward higher latitudes.
Assuming the polar axis is nearly in the plane of the sky, the star itself would then be obscured along our line of sight, whereas starlight can still escape along polar (but not equatorial) directions and be scattered toward Earth.
This qualitative model of the structure of RAFGL 2688 has since been confirmed, first by Monte Carlo scattering models (Yusef-Zadeh et al. 1984) and, most recently, by high spatial resolution Hubble Space Telescope near-infrared polarimetric imaging observations (Sahai et al. 1998a ; Fig. 1 ). The HST imaging demonstrates conclusively that the nebula displays the centrosymmetric patterns and large degree of linear polarization expected for an axisymmetric distribution of dust grains illuminated by a central source. Furthermore, the HST observations have established the position of the central illuminator, relative to the extended nebulosity, to within ∼ 100 AU (Weintraub et al. 2000) . In addition to the unseen illuminator, RAFGL 2688 contains a prominent, central source of direct (unpolarized) emission that is only detectable at wavelengths > 1.5µm (Sahai et al. 1998a; Weintraub et al. 2000) . The relationship of this source to the illuminator is uncertain, although the simplest explanation would be that the pair constitutes a widely separated binary.
Although HST has well established the optical and near-infrared morphology of RAFGL 2688 (Sahai et al. 1998a,b) , a detailed understanding of the nebula remains elusive.
The kinematics of its molecular emission are particularly puzzling (see Cox et al. 2000, Kastner et al. 2001, and references therein) . This emission seems to trace multipolar, radially directed outflows, some with no counterparts at optical or infrared wavelengths; alternatively, the emission may be interpreted in terms of a combination of radial and azimuthal velocity fields. Deepening the mystery of the structure of RAFGL 2688 are recent mid-infrared and radio imaging observations of dust emission that appear to trace highly collimated (and perhaps precessing) outflows (Morris & Sahai 2000; Jura et al. 2000) .
Polarimetric imaging observations remain central to an understanding of the structure and evolution of RAFGL 2688. While the nebula is well characterized polarimetrically in the optical and near-infrared, little or no spatially resolved polarimetric imaging data exists for wavelengths > 2µm. Here, we report on infrared polarimetric imaging of RAFGL 2688 at 4.5 µm with the Infrared Space Observatory (ISO, Kessler et al. 1996) . In conjunction with previous HST near-infrared polarimetric imaging and ground-based direct mid-infrared imaging, the ISO polarimetric imaging yields insights into the relative contributions of direct and unpolarized starlight and of the grain size distribution in RAFGL 2688.
Observations
Data presented here were obtained with the ISO direct imaging instrument, ISOCAM (Cesarsky et al., 1996) , using its long wavelength (LW) camera and passband filter LW1.
The detector format was 32×32 pixels. The response of LW1 is centered at 4.5 µm and is relatively flat, extending from 4 to 5 µm.
ISOCAM was equipped with polarizers oriented at 0, 120, and 240 degrees.
Polarimetric imaging was set up according to the standard observing template CAM05 (Siebenmorgen 1996) . The corresponding ISO observation numbers, TDT, are: 76800602, 76800703, 76800804, 76800905 76801006,76801107, 76801208, 76801309, 76801410 and 76801511. We used a 4 × 4 raster with a raster step size of 6 ′′ , the 1.5 ′′ lens, a readout time for each exposure of 2.1 s, and a gain of one. Initially, we took 155 exposures on the source to stabilize the detector and then a raster through the free "hole" of the entrance wheel. At each raster position 26 exposures were read out. This procedure was carried out for each of the three polarizers. The polarizer rasters were repeated in three observing cycles.
Results

Processed ISOCAM LW1 images
The data were reduced with the ISOCAM interactive analysis system (CIA version 4.0, Ott et al. 1996) . Only basic reduction steps, such as dark current subtraction, removal of cosmic ray hits and transient correction, are applied to the data. These steps are described together with calibration uncertainties in Blommaert et al. (2001) . The coadded images at each raster position were projected on the sky to derive the final mosaics. The mosaics have a 66 ′′ × 68 ′′ total field of view and a pixel scale of 1.5 ′′ . The polarized signal is found to be consistent between the individual observing cycles. The average of all cycles gives the final mosaic image for each polarizer. The output of this image processing procedure therefore consisted of four images, each of total integration time 1124 s: three polarized images (one for each of the three polarization filters) and one "unpolarized" or total intensity image (obtained through the "hole" position).
As part of the ISO calibration program, the zodiacal light and a set of (unpolarised) photometric standard stars was observed by repeating CAM05 observing templates.
From those calibration measurements an instrumental polarization of <1.5% is derived (Siebenmorgen 1999) . This instrumental polarization is small enough to have negligible effect on the results described in this paper.
The total intensity image of RAFGL 2688 is displayed in Fig. 2 , alongside a 3420 s ISOCAM LW1 image of the infrared-bright standard star HIC 85317 (spectral type A4V, V= 6.5mag, TDT=35600401). The comparison emphasizes the rather complex, asymmetric point spread function (PSF) of ISOCAM at 4.5 µm. The six-pointed structure of the PSF is due to the support structure for the secondary mirror of the telescope. Although this point spread function dominates the structure of both the RAFGL 2688 and standard star images, it is also apparent that RAFGL 2688 is extended relative to the standard. This is seen most clearly in the comparisons of nonlinear greyscale images (Fig. 2 , bottom panels) and plots of intensity vs. radius for RAFGL 2688 and the standard star (Fig. 3) , the latter of which reveals twice as much or more light in the RAFGL 2688 images as in the PSF at distances ∼ 10 ′′ from the bright central PSF core.
ISOCAM 4.5 µm polarimetric map
The polarimetric image set obtained with the three polarizing filters in the LW camera is sufficient to uniquely determine the Stokes parameters for each image pixel (x, y).
Specifically, we find I(x, y), Q(x, y), U(x, y) from the image set P 0 (x, y), P 120 (x, y), P 240 (x, y)
as follows:
The degree p and position angle θ of linear polarization may then be derived from the Stokes parameters in the usual manner, i.e.,
and
Polarization maps so obtained from ISOCAM polarimetric imaging have been presented for the Crab nebula (Tuffs et al. 1999) , the protostellar system HH 108MMS , the starburst NGC 1808 galaxy , and a sample of ultraluminous galaxies (Siebenmorgen & Efstathiou 2001) .
The ISO polarization map obtained for RAFGL 2688 (Fig. 4) shows hints of centrosymmetry, particularly in its northern regions. The center of symmetry of this portion of the polarimetric map appears to lie near the bright central region of the image. This spatial polarization structure suggests that much of the northern region of the ISO 4.5 µm image of RAFGL 2688 is, in fact, scattered light, and that the source of illumination lies in the vicinity of the image intensity peak. However, the structure of the ISO polarimetric map is, overall, much less well organized than that of the HST/NICMOS polarization map ( Fig. 1 ). In particular, the relative contributions from nebulosity and PSF are not clear from Fig. 1 ; nor is it obvious whether any extended 4.5 µm emission is dominated by scattering (as is undoubtedly the case at 2 µm) or by direct, thermal emission. Evidently, either the ISO polarimetric map suffers from systematic distortions, or there are significant differences in the spatial distribution and degree of polarization in RAFGL 2688 between 2 µm and 4.5 µm.
Reconstruction of Direct and Polarimetric Images
To investigate the extent to which the prominent signature of the PSF in the individual polarimetric images affects the ISO 4.5 µm polarimetric map, we attempted to remove the PSF signature from these images and that of the total intensity image. To this end we have employed two popular deconvolution methods, maximum likelihood (hereafter ML; Richardson 1972; Lucy 1974) and maximum entropy (e.g., Hollis, Dorband, & Yusef-Zadeh 1992 ; hereafter ME), using programs that are part of the standard IDL Astronomy Library 5 .
Both ML and ME techniques require a deconvolution "kernel" consisting of the best known representation of the instrumental PSF. One then makes an initial estimate of the "true" source intensity distribution, i.e., the source intensity distribution that would be detected in the absence of instrumental broadening. This image is convolved with the PSF and is then compared with the observed image intensity distribution. The resulting difference image (or "residual image") is stored for reference. The "true" image intensity distribution is then modified accordingly (following either the ML or ME algorithm prescription), and the process is repeated. The change in residual image statistics (e.g., residual image maximum and standard deviation) over successive iterations of either the ML or ME schemes can be used to assess the progress of image deconvolution.
Reconstructed ISOCAM 4.5 µm total intensity image
The results of iterative deconvolutions of the ISOCAM LW1 total intensity image using ML and ME methods are displayed in Figs. 5 and 6. For these deconvolutions, we adopted as the instrumental PSF the ISOCAM LW1 image of HIC 85317. It is apparent from both figures that the ML and ME methods produce very similar results and, furthermore, that the two methods asymptotically approach their "best guesses" for the "true" image at similar rates. Specifically, after ∼ 15 iterations, the net changes in both the maximum and the standard deviation of the residual image (from their original values) approach ∼ 90% of the differences between their original and asymptotic values (Fig. 5) . We find that, for either the ML or ME methods, iterating more than about 20 times introduces image artifacts, such as negative values and spurious off-source features.
Notably, both the ML and ME deconvolution methods produce the same fundamental result for the reconstructed total intensity image (Fig. 6 ). This reconstructed image consists of a compact, bright central source, representing ∼90% of the total source intensity, surrounded by fainter nebulosity. Most of the nebulosity lies to the north-northeast of the bright, compact source. This source structure is consistent with the morphology of the polarimetric map ( §3.2), i.e., the bright, central source appears to illuminate a region of reflection nebulosity to its north-northeast.
Reconstructed ISOCAM polarization map
We applied the ML method to the individual LW1 polarimetric images, to obtain a deconvolved polarization image set P ′ 0 (x, y), P ′ 120 (x, y), P ′ 240 (x, y). For these deconvolutions, we again adopted the ISOCAM LW1 image of HIC 85317 as representative of the instrumental PSF, under the assumption that the polarizing filters produce negligible additional point source distortions. To obtain each polarimetric image, we performed 16 iterations of the ML algorithm. The resulting deconvolved LW1 polarimetric images of RAFGL 2688 (not shown) are qualitatively similar to the deconvolved total intensity image described in the preceding section, i.e., a compact central source with nebulosity extending to the north-northeast.
The polarization map constructed from the images P ′ 0 (x, y), P ′ 120 (x, y), P ′ 240 (x, y) (hereafter referred to as the reconstructed polarization map) is presented in Fig. 7 . The centrosymmetry evident in the northern regions of the "raw" polarimetric map (Fig. 4) is more pronounced in this reconstructed polarization map. Like the "raw" map, the reconstructed map also displays a minimum of polarization near the intensity peak in the total intensity image, and a somewhat disorganized polarization pattern to the south of the intensity peak.
Discussion
Can the results of the deconvolutions be trusted?
It is well known that the results of either ML or ME deconvolution are not necessarily unique. Indeed, depending on the quality of both data and PSF model, the results of either technique can be spurious. Furthermore, we are not aware of a rigorous proof that demonstrates that deconvolution of polarimetric images preserves polarization information.
Nonetheless, there are several reasons to conclude that the deconvolution results just described are valid.
First, we find strong consistency between the results of the ML and ME methods.
The two methods converge to essentially the same end results (Figs. 5,6 ). Second, the reconstructed ISOCAM 4.5 µm image and polarization map of RAFGL 2688 are qualitatively consistent with the results of previous near-infrared imaging polarimetry and direct mid-infrared imaging. Specifically, in the reconstructed ISOCAM image, RAFGL 2688 is extended along a position angle ∼ 15
• , a result also obtained from high-resolution 2 µm and 9 µm imaging (Weintraub et al. 2000; Morris & Sahai 2000) but that can be only marginally inferred from the raw ISO images (e.g., Fig. 4 ).
Third, the reconstructed polarization map (Fig. 7) represents an improvement over the polarization map constructed from "raw" images (Fig. 4) . In particular, note the stronger centrosymmetry and larger values of polarization in the northern regions of the map in Fig. 7 . Both improvements would be expected from a successful deconvolution procedure; such a procedure should correct for instrumental stray light at low spatial frequencies, thereby removing "contaminating" flux that would otherwise suppress the degree of polarization, especially in regions of low source surface brightness.
We conclude that the reconstructed ISOCAM 4.5 µm total intensity image and polarization map of RAFGL 2688 are trustworthy.
The nature of the 4.5 µm emission from RAFGL 2688
The ISOCAM polarimetric map of RAFGL 2688 reveals that the extended nebulosity to the north-northeast is highly polarized, indicative of reflection nebulosity. The centrosymmetry of this polarization pattern about the 4.5 µm intensity peak indicates that the intensity peak is the likely source of illumination of the nebulosity. This source is very likely a combination of direct photospheric emission from the central F-type supergiant (e.g., Cohen & Kuhi 1977) and photospheric emission reprocessed by dust grains at characteristic temperatures of > ∼ 140 K (Persi et al. 1999 ).
The apparent "emergence" of the central source at longer infrared wavelengths is seen in Fig. 8 . The source is only seen via reflection at 2 µm (lefthand panel; see also Weintraub et al. 2000) whereas, evidently, it makes a substantial contribution to the nebular morphology (in the form of a strong point-like source and diluted polarization) near the center of the nebula at 4.5 and 8.8 µm (central and righthand panels). Similar behavior is observed in infrared reflection nebulosity surrounding young stellar objects, and is usually interpreted as a decrease in scattering opacity with increasing wavelength (e.g., Fischer 1995). We caution, however, that the registration of the three images in Fig. 8 is not certain to better than ∼ 1 ′′ , the ISOCAM polarization imaging suffers from relatively low spatial resolution, and there is no polarization information in the 8.8 µm image. Furthermore, there are multiple sources of 2 µm photons in RAFGL 2688 (Weintraub et al. 2000) . Hence it may be somewhat premature to conclude that the same source that illuminates the nebula at 2 µm also illuminates reflection nebulosity at 4.5 and 8.8 µm.
While it appears we have detected the central illuminating source at 4.5 µm, this source evidently is highly obscured along our line of sight. This conclusion follows from the ratio of nebular surface brightness to point source intensity; specifically, at an angular displacement of 6 ′′ along the polar axis of the nebula from the central point source, we find that the surface brightness of scattered light is ∼1% of the integrated intensity of the central source. For a reflection nebula whose dust density is inversely proportional to the square of the angle from the source of illumination (θ), the scattering optical depth (τ s ) is related to the ratio of scattered to incident starlight, I s (θ)/I 0 , via
where ∆φ is the solid angle subtended by a pixel (Jura & Jacoby 1976; Kastner 1990 ).
Assuming the integrated intensity of the central source as measured in our images accurately represents the available illuminating flux, I 0 , then the measured ratio I s (6 ′′ )/I 0 ≈ 0.01 would suggest a scattering optical depth τ s (6 ′′ ) ≈ 4. This result is seemingly at odds with our detection of very high levels of polarization (∼ 60%) in this region, however; such a high degree of polarization requires that single scattering is dominant over multiple scattering.
We conclude that, along our line of sight, the central object is highly attenuated at 4.5 µm, such that the measured value of I s (6 ′′ )/I 0 is an overestimate. A conservative lower limit to the degree of 4.5 µm extinction toward the central source is provided by the requirement that τ s < 1, suggesting A 4.5µm > 1.5. Fig. 9 shows a comparison of percent polarization vs. radius from the central star, for the 2 µm (HST/NICMOS) and 4.5 µm (ISOCAM) polarimetric imaging observations. The figure demonstrates that percent polarization is more or less independent of wavelength within the nebula, between ∼ 2 µm and 5 µm, at radial offsets well displaced from the star. This behavior is similar to that observed in the evolved bipolar reflection nebula OH 231.8+4.2 (Shure et al. 1995) , although the OH 231.8+4.2 observations only extended to 3.6 µm. From the large values of polarization in RAFGL 2688 at both 2 µm and 4.5 µm, we may safely conclude that scattering dominates the nebular emission at these wavelengths; i.e., there is little or no contribution from thermal emission from the dust grains in RAFGL 2688, even at wavelengths as long as ∼ 5 µm. As no polarization data have been obtained for this nebula at longer wavelengths we are, as yet, unable to ascertain the nature of the lobe emission seen at 8.8 µm (Fig. 8) .
Dust grain size distribution
Most detailed modeling of reflection nebulae at ∼ 5 µm performed thus far has been geared toward interpeting large-aperture polarization measurements (e.g., Heckert & Smith 1988; Pendleton et al. 1990; Fischer 1995; Shure et al. 1995) rather than spatially resolved polarization imaging. Nevertheless, based on the wavelength independence of polarization of RAFGL 2688 and the typical polarization values of ∼ 60% at large offsets from the central star, we conclude that the bulk of the dust grains in the RAFGL 2688 reflection nebula are significantly smaller than the wavelengths employed in the HST/NICMOS and ISOCAM imaging studies. That is, the grains have typical radii a < 1 µm. This result, which is similar to that obtained by Shure et al. (1995) for OH 231.8+4.2, follows from the straightforward analytical treatment of light scattering by small particles (van de Hulst 1957) as well as from the more detailed, but limited, modeling of dust grain populations in infrared reflection nebulae performed to date (Pendleton et al. 1990; Fischer 1995) .
Summary
We have obtained 4.5 µm polarimetric images of the evolved bipolar reflection nebula RAFGL 2688 with the CAM mid-infrared camera aboard the Infrared Space Observatory.
The observations are strongly affected by the complex CAM point spread function. The Further, detailed modeling is required to provide additional insight into the circumstellar structure and grain properties of evolved, bipolar nebulae such as RAFGL 2688. It would also be of great value to obtain mid-infrared imaging polarimetry of RAFGL 2688 at higher resolution, to ascertain the precise location of the illuminating source at ∼ 5 µm. as well as at longer wavelengths, to determine whether scattering is still important or even dominant beyond 5 µm. 
